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Cadherin-Mediated Cell–Cell Contact Regulates
Keratinocyte Differentiation
Joseph L. Charest1,2, Jean M. Jennings3,4, William P. King5, Andrew P. Kowalczyk3,4 and Andre´s J. Garcı´a1,2
Cell–extracellular matrix (ECM) and cell–cell interactions regulate keratinocyte cell fate and differentiation. In
the present analysis, we examined the differentiation of primary human keratinocytes cultured on
micropatterned substrates that varied the extent of cell–cell contact while maintaining constant cell–ECM
areas. Bowtie-shaped micropatterned areas (75–1600 mm2) were engineered to either permit or prevent cell–cell
contact for pairs of adherent keratinocytes. Cell pairs with direct cell–cell contact exhibited enhanced
expression of the differentiation markers involucrin and keratin 10 compared to cells with no cell–cell contact.
In contrast, available cell-spreading area, as regulated by pattern size, did not alter keratinocyte involucrin
expression. Disruption of E-cadherin binding by either antibody blocking or expression of a dominant-negative
receptor diminished the ability of micropattern-regulated cell–cell contact to modulate involucrin expression.
These results demonstrate that cadherin-mediated cell–cell contact regulates early keratinocyte differentiation
independently from changes in cell shape.
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INTRODUCTION
Epidermal keratinocytes receive multiple external cues
regulating their fate, including cell–extracellular matrix
(ECM) interactions through integrins (Watt et al., 1993; Watt,
2002), oxygen tension (Ngo et al., 2007), extracellular
calcium concentration (Fuchs, 1990), and confluency of cell
monolayer (Wille et al., 1984; Poumay and Pittelkow, 1995;
Kolly et al., 2005). More specifically, differentiating kerati-
nocytes develop cell–cell junctions (Fuchs, 1990), suggesting
that cell–cell contact has an inherent role in the differentia-
tion process. Furthermore, as cell–cell adhesive properties
influence the clustering (Jensen and Watt, 2006), and
differentiation (Estrach et al., 2007) of epidermal stem cells,
it is likely that control of cell–cell contact will lead to
regulation of skin cell differentiation.
Keratinocytes form cell–cell junctions through various
transmembrane proteins, including those of the classical
cadherin family such as E-cadherin and P-cadherin. Kerati-
nocytes lacking E-cadherin exhibit downregulated markers of
differentiation in vivo (Young et al., 2003), whereas blocking
E-cadherin binding in human keratinocytes in vitro leads to
interruption of stratification and delayed localization of
junction proteins (Wheelock and Jensen, 1992). Inhibition of
E-cadherin and P-cadherin with antibodies results in reduction
of differentiation markers in vitro, however inhibition of only
E-cadherin increases some differentiation markers (Hines et al.,
1999), indicating that the influence of cell–cell contact on
differentiation may involve multiple junction proteins requir-
ing a broader inhibition of contact mechanisms to attenuate
differentiation. Keratinocytes express increasing levels of
differentiation markers as a function of increasing cell–cell
contact due to the cells reaching confluency (Kolly et al.,
2005). As increasing confluency tends to increase cell–cell
contact and cell density, and decrease intercellular separation
and available cell-spreading area, these differentiation results
may arise from a combination of these four parameters.
Chemical micropatterning of the cell–material interface
provides a means to control a cell’s interactions with its
surroundings and neighboring cells. Chemical micropattern-
ing can regulate cell–cell contact while independently
controlling cell density, separation, and spreading area
(Gallant et al., 2002, 2005; McBeath et al., 2004). Micro-
patterning can provide broad inhibition of cell–cell contact
interaction through precise geometric location of cells with
respect to one another (Nelson et al., 2004) while creating a
microenvironment with controlled cell density, separation,
and spreading area (Gallant et al., 2005).
In the present analysis, we investigate the effects of
cell–cell contact on keratinocyte expression of involucrin and
keratin 10 by employing a micropatterned cell substrate as an
in vitro model environment. Microcontact printed, bowtie-
shaped islands coordinate cell location to regulate cell–cell
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contact while preserving consistent cell density. In addition,
available cell-spreading area is controlled through pattern
size to maintain a consistent cell–ECM adhesive area, thereby
permitting assessment of the role of cell–cell contact under
conditions where cell–matrix surface area is defined. Finally,
antibody blocking of receptor function and use of a
dominant-negative adenoviral construct are used to implicate
a specific cell–cell contact receptor in pattern-regulated
cell–cell interaction and consequent protein expression.
RESULTS
Micropatterned substrates to control cell–cell and cell–ECM
interactions
To regulate cell spreading, shape, density, and contact,
bowtie-shaped micropatterns were contact printed onto the
cell culture substrates using a polydimethylsiloxane (PDMS)
stamp (Charest et al., 2006). The PDMS stamp presented 15
distinct fields, each with several hundred replicates of a given
bowtie pattern. The surface area of one half of a bowtie
pattern was 75, 100, 625, 900, or 1,600mm2. All patterns
were coated with the ECM protein fibronectin. The bowtie
pattern was designed to permit one cell to attach to each half
of the bowtie, with the cells spreading toward each other and
forming a cell–cell contact interface at the narrow section of
the bowtie. For each given surface area, the halves of the
bowtie pattern were configured to promote cell–cell contact
(contact) or prevent cell–cell contact (no contact). Cells in no-
contact mode remained in close proximity to one another,
ensuring similar paracrine or soluble factor signaling condi-
tions as those cells in contact mode.
Pattern transfer from PDMS stamp to substrate resulted in
excellent fidelity of features and accurate replication of the
patterns. Figure 1 shows samples of fields within the stamp
and corresponding features printed by them. Each half of the
bowtie provided an area for a single cell to spread, where the
nonadhesive spaces in between suppressed protein and cell
adhesion to restrict cells to the patterns.
Bowtie pattern controls cell–cell contact and cell morphology
Optimization of cell seeding density was performed to attain
the maximum number of properly populated patterns.
Patterns with only one cell adherent to each half of the
bowtie were considered properly populated. Low cell
seeding densities resulted in few of the patterns populated
with cells, with the number of cells per pattern increasing
with seeding density. Proper population of patterns was also a
function of pattern size, as larger patterns required lower cell
seeding densities to prevent overpopulation of the patterns.
The optimal seeding density resulted in properly populated
patterns of 75, 100, and 625mm2.
Cell adhesion and spreading was restricted to bowtie
patterns with very few cells bridging the nonadhesive
domains. Patterns with half-bowtie areas of 75, 100, and
625mm2 often presented only one adherent cell on each half,
whereas the larger patterns of 900 and 1,600mm2 often had
more than one cell on each half of the bowtie.
Cellular morphology was analyzed by immunofluores-
cence (IF) microscopy and scanning electron microscope
(SEM). Figure 2 shows cells cultured on bowtie patterns and
unpatterned substrates either stained for E-cadherin and DNA
(upper images) or fixed and viewed by SEM (lower images).
E-cadherin staining demonstrated localized concentration of
this junction protein at the cell–cell contact region. Bowtie
patterns designed for no contact prevented any cell–cell
contact between cells, whereas both low- and high-contact
patterns permitted cell–cell junctions to form. In this way, the
bowtie patterns controlled cell–cell contact to configurations
of either absence or presence of contact. Keratinocytes on a
control sample with uniform chemistry possessed cell–cell
interfaces typical of keratinocytes cultured in high-calcium
media (Le et al., 1999), whereas keratinocytes on bowtie
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Figure 1. Micro-contact printing creates fibronectin patterns. Top:
Patterning method. A PDMS stamp inked adhesive hexadecanethiol patterns
onto a Ti/Au-coated polycarbonate substrate. Remaining areas were
derivatized in an ethylene glycol-terminated SAM, then immersed in a
fibronectin solution. Bottom: Stamps shown in phase contrast and patterns
shown by immunolabeled fibronectin. Bowtie-shaped patterns restricted cell
attachment to the fibronectin-coated adhesive islands. The islands were
configured such that cell–cell contact was either suppressed (no contact) or
permitted (contact). Bar¼ 100 mm.
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patterns possessed cell–cell interfaces localized between the
two cells restricted within the patterned area.
Cells remained nearly rounded on most patterns, with
almost spherical morphologies found on no-contact bowtie
patterns as observed through the SEM images in Figure 2. On
75 and 100mm2 patterns, cells remained rounded with
minimal flattening at the edges, and consistently extended
to fully occupy the patterned areas, thereby indicating control
of spread cell area by the patterns. As viewed through IF in
Figure 2, cells possessed clear interfaces as indicated by the
E-cadherin staining, but the interfaces varied in length and
shape, and the amount of cell–cell contact was not well
controlled. Cells on 625 mm2 patterns had significantly
flattened areas at the edge of the patterns as seen in the
SEM in Figure 2, due to increased available cell-spreading
area. A few well-spread cells on 625mm2 patterns appeared
to have interfaces that did not protrude significantly from the
substrate. The interfaces of the well-spread cells were limited
in height to that of the flattened cell, and limited in length by
the chemical pattern width at the narrow portion of the
bowtie, resulting in a controlled amount of cell–cell contact.
Figure 2 shows an example of a controlled interface by an IF
image of two cells on a 625mm2 pattern where the cell–cell
interface was restricted to the narrow portion of the bowtie.
Although some 625 mm2 patterns controlled cell–cell interface
width precisely, others showed uncontrolled interfaces
similar to those seen in cells on the 75 and 100mm2 patterns.
Cells on 900 and 1600mm2 patterns often had completely flat
and spread morphologies, however most patterns contained
three or more cells (images not shown) and therefore could
not be scored for quantitative data. Overall, the micropatterns
controlled cell-spreading area and regulated cell–cell contact
to either absence or presence of cell–cell contact.
Expression of keratinocyte differentiation markers on
micropatterned substrates
The impact of pattern-controlled cell–cell contact and culture
time on keratinocyte differentiation was determined by the
expression of the epidermal spinous layer differentiation
markers involucrin and keratin 10 at two culture times.
Involucrin is associated with epidermal cells exiting the cell
cycle and entering a terminal differentiation state (Watt,
1984) and has been expressed by keratinocytes in vitro after
16 hours in differentiation conditions (Kawabata et al., 2002).
In addition, keratin 10 indicates differentiation of keratino-
cytes as it forms intermediate filaments in epidermal cells of
the suprabasal layer (Eichner et al., 1986), serves as a
structural element (Fuchs and Weber, 1994), and inhibits
proliferation in vitro (Paramio et al., 1999). Figure 3 shows
keratinocytes on bowtie patterns labeled for DNA, involu-
crin, and keratin 10. Analysis of both marker proteins
provided a clear signal, which enabled IF observation and
evaluation of the proportion of cells expressing the markers.
Involucrin appeared uniform throughout a cell, as expected
for the envelope protein (Fuchs, 1990), and cells positive for
either involucrin or keratin 10 were easily distinguishable
from negative cells within the same sample or cells
maintained in low calcium, nondifferentiation conditions.
625 μm2 contact
100 μm2 contact
625 μm2 contact
75 μm2 contact
625 μm2 no contact
100 μm2 no contact
100 μm2 contact
Unpatterned control
Figure 2. Micropatterns control cell-material and cell–cell interfaces. Top:
Cells counterstained and immuno-labeled for E-cadherin. Distinct cell–cell
contacts of E-cadherin were visible between patterned cells when one cell
adhered to each half of the bowtie shape. Bottom: SEM images of patterned
cells. Cells extended to fully occupy the available adhesive area, as indicated
by the rounded three-dimensional morphology. On 75 and 100 mm2 patterns,
cells typically remained round, whereas cells more often spread to assume the
shape of the pattern on the 625mm2 islands. IF images, Bar¼20 mm; SEM
images, Bar¼ 30 mm.
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Involucrin and keratin 10 expression was scored only for
cells with one cell nuclei located on each half of the bowtie
pattern, ensuring cell–cell contact occurred between only two
cells for patterns permitting contact and cell–cell contact was
prevented for patterns with no contact. Longer culture times
resulted in a significantly higher proportion of involucrin- and
keratin 10-positive cells, regardless of cell–cell contact or cell
spreading, as shown in Figure 3. Importantly, cell–cell
contact significantly enhanced the proportion of cells
expressing involucrin for both time points. In contrast to
involucrin expression, keratin 10 expression increased
significantly due to pattern-induced intercellular contact
coupled with increased culture time. Differentiation of
keratinocytes increased over time, with cell–cell contact
contributing significantly to both involucrin and keratin 10
expression at 120 hours, and involucrin expression at
48 hours.
Influence of pattern size and contact level on marker expression
The impact of projected cell area and cell–cell contact was
examined by modulating cell–cell contact for several patterns
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Figure 3. Pattern mediated cell–cell contact influences involucrin and
keratin 10 expression. Top: IF images of cells counterstained and immuno-
labeled for involucrin and keratin 10. Involucrin and keratin 10-positive cells
were readily determined. Bottom: involucrin expression significantly
increased with longer culture time (c indicates o0.05 significance for both
contact and no contact), whereas pattern-regulated contact influenced
involucrin expression significantly at both time points (* indicates o0.05
significance for both 48 and 120 hours). Keratin 10 expression significantly
increased with longer culture time (c indicates o0.05 significance for both
contact and no contact), however pattern-regulated contact did not
significantly influence keratin 10 expression. Both involucrin and keratin 10
expression significantly increased due to the synergistic effects of longer
culture time and pattern-regulated contact (y indicates o0.05 significance for
120 hours, contact vs 48 hours, no contact). Bar¼ 25 mm.
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Figure 4. Cell–cell contact effects are independent of pattern size. Top: IF images
of patterned keratinocytes counterstained and immuno-labeled for involucrin.
Bottom: The fraction of cells expressing involucrin was influenced by pattern-
regulated contact, but independent of pattern size (* indicateso0.05 significance
for each pattern size group). Data reflect a 48hours cell culture time. Bar¼ 25mm.
www.jidonline.org 567
JL Charest et al.
Cell–Cell Contact in Keratinocyte Differentiation
of discrete areas. Cells were evaluated in both contact and no
contact conditions on pattern areas of 75, 100, or 625 mm2.
Figure 4 shows examples of cells on bowtie patterns labeled
for DNA and involucrin for several pattern sizes in both
contact and no-contact modes. Cells on the 75 and 100mm2
patterns appeared rounded, whereas cells on the 625 mm2
patterns appeared more spread, confirming results of the SEM
analysis. For the three pattern sizes, most cells spread to
cover the available area, indicating changes in cell-substrate
contact area.
Patterns promoting contact resulted in a higher fraction of
cells expressing involucrin. Figure 4 shows quantitative data
comparing involucrin expression for cells in contact and no-
contact patterns for three pattern sizes. The fraction of cells
expressing involucrin was significantly higher on patterns
permitting cell–cell contact than on patterns preventing
cell–cell contact for all pattern sizes. Cell–cell contact
increased the proportion of involucrin-positive cells by 45,
70, and 69% for pattern sizes of 75, 100, and 625mm2,
respectively. In contrast, pattern size did not influence
involucrin expression for cells in either contact or no-contact
mode. Taken together, these results demonstrate that cell–cell
contact significantly increased involucrin expression, regard-
less of cell–ECM interface size.
Blocking E-cadherin diminishes micropatterned cell–cell
contact effects on involucrin expression
The role of the cell–cell receptor E-cadherin in cell–cell
contact effects on involucrin expression was examined using
the DECMA-1 antibody to functionally block E-cadherin.
Figure 5 shows involucrin expression for untreated cells, cells
treated with DECMA-1 antibody, and cells treated with
isotype control antibody in both contact and no-contact
mode. Cell–cell contact significantly increased the proportion
of cells expressing involucrin, regardless of the addition of
DECMA-1 or isotype control antibodies. However, the
addition of DECMA-1 antibody significantly reduced the
proportion of cells expressing involucrin, as compared to
control cells or cells treated with isotype control antibody,
when the cells were in patterns that regulated cell–cell
contact. For cells on patterns that prevented cell–cell contact,
DECMA-1 treatment had no effects on the proportion of cells
expressing involucrin.
Dominant-negative cadherin expression diminishes
micropatterned cell–cell contact effects on involucrin
expression
To further verify the involvement of E-cadherin in pattern-
regulated cell–cell contact influence of involucrin expression,
cells were transduced with an adenovirus for the chimeric IL-
2R-VE-CADcyto receptor consisting of the nonadhesive IL-2R
receptor fused to a cytoplasmic VE-cadherin tail or the IL-2R
receptor with no cytoplasmic tail. The cytoplasmic tail of the
IL-2R-VE-CADcyto sequesters p120 resulting in reduced
endogenous cadherin, whereas the extracellular domain
presents a nonadhesive intercellular receptor (Xiao et al.,
2003a, b), thereby resulting in a dominant-negative cadherin
mutant. Figure 6 shows images of keratinocytes stained for
nuclei, endogenous E-cadherin, and involucrin. Expression of
the IL-2R-VE-CADcyto chimeric receptor resulted in dimin-
ished localization of endogenous E-cadherin to the cell–cell
junction, whereas expression of the control IL-2R receptor
did not.
Pattern-regulated cell–cell contact significantly modulated
involucrin expression in spite of inhibition of E-cadherin
binding, although E-cadherin inhibition significantly influ-
enced involucrin expression for cells in contact mode.
Figure 6 shows quantitative data for cells in contact and
no-contact mode for the two treatments and an untreated
control. For cells in contact mode, the population of cells
expressing the IL-2R-VE-CADcyto dominant negative had a
significantly lower proportion of cells expressing involucrin
as compared to either the control or IL-2R-expressing cells.
The IL-2R-VE-CADcyto cells exhibited a proportion of
involucrin-positive cells 24% lower than the IL-2R cells and
27% lower than the control cells. However, promotion of
cell–cell contact increased the proportion of involucrin-
positive cells, regardless of expression of either IL-2R-VE-
CADcyto or IL-2R. For cells in no-contact mode, cell
populations expressing either the IL-2R or mutant IL-2R-VE-
CADcyto receptors possessed proportions of involucrin-
positive cells similar to that of the control cell population.
Therefore, expression of the IL-2R-VE-CADcyto dominant
cadherin mutant diminished, but did not prevent, the effects
of the pattern-regulated cell–cell contact.
DISCUSSION
In this study, a micropatterned in vitro cell model regulated
cell–cell contact while providing controlled cell–ECM
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Figure 5. Functional blocking of E-cadherin decreases cell–cell contact
effects. Pattern-regulated cell–cell contact significantly increased involucrin
expression, despite functional blocking of E-cadherin receptors by the
DECMA-1 antibody (* indicates o0.05 significance for contact vs no contact
within each group). However, when in contact configuration, functional
blocking of E-cadherin receptors with the DECMA-1 antibody significantly
reduced involucrin expression when compared to untreated control or
nonfunctional DECMA-1 control-treated cells (c indicateso0.05 significance
for DECMA-1 vs control and DECMA-1 control). Data were collected from
cells cultured on 625mm2 patterns for 48 hours.
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interaction areas. This model provides a controlled and
simple strategy to inhibit or permit cell–cell contact between
isolated pairs of cells while independently controlling cell
density, separation, and spreading area. As the model system
regulates cell–cell contact by biomaterial micropatterning,
the technique is applicable to a wide array of cell types.
Bowtie-shaped micropatterned areas (75–625mm2) either
permitted or prevented cell–cell contact between two
adherent keratinocytes. Cell pairs with direct cell–cell contact
exhibited enhanced expression of the differentiation markers
involucrin and keratin 10 compared to cells with no cell–cell
contact. In contrast, available cell-spreading area, as regu-
lated by pattern size, did not alter keratinocyte involucrin
expression. Disruption of E-cadherin binding by either
antibody blocking or expression of a dominant-negative
receptor diminished the ability of micropattern-regulated
cell–cell contact to modulate involucrin expression. These
results demonstrate that cadherin-mediated cell–cell contact
regulates keratinocyte involucrin expression, as a marker of
differentiation, independently from cell–matrix contact area.
This model provides a robust method to control the
cell–material interface for cells isolated to the patterns by
controlling available cell-spreading area and the adhesive
molecule present at the cell-surface interface within the
patterns. Patterns that restrict cell-spreading area alter
quantity of bound integrins dependent on pattern size
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Figure 6. Dominant negative cadherin expression decreases cell–cell contact effects. Top: IF images of patterned keratinocytes. Control cells or cells treated
with the IL-2R virus expressed E-cadherin, which localized between cells to form a distinct cell–cell contact. Cells treated with the IL-2R-VE-CADcyto virus,
which decreases endogenous E-cadherin thereby reducing cell–cell adhesion, expressed little E-cadherin with few cell–cell contacts visible. Involucrin
expression was clearly visible in most control IL-2R-treated cells, whereas involucrin expression was not as abundant in IL-2R-VE-CADcyto-treated cells.
Bottom: contact increased the fraction of cells expressing involucrin for control cells, IL-2R-treated cells, and IL-2R-VE-CADcyto-treated cells (* indicateso0.05
significance for contact vs no contact within each group). A significantly smaller fraction of cells in contact expressed involucrin when treated with the IL-2R-VE-
CADcyto, when compared to the control and IL-2R group (c indicates o0.05 significance). Bar¼ 25 mm.
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(Gallant et al., 2005), which in turn has effects on cell
function. Specifically, inhibition of keratinocyte terminal
differentiation has resulted from binding of fibronectin to b1
integrins (Watt, 2001). Here, cell spreading is restricted as
indicated by the rounded morphology of cells adherent to the
patterns. A rounded morphology results from restricted cell
spreading (Gallant et al., 2002), and indicates full occupation
of the pattern by the cell. In this way, the pattern size
determines the quantity of cell–ECM contact.
Keratinocyte differentiation, as indicated by involucrin
and keratin 10 expression, was influenced by both culture
time and pattern-regulated cell–cell contact. Involucrin
expression increased significantly from 48 to 120 hours of
culture time, which agrees with literature indicating sig-
nificant increase in involucrin mRNA from 48 to 96 hours
(Pivarcsi et al., 2004). Keratinocyte expression of keratin 10
increased significantly from 48 to 120 hours, which is
consistent with previous studies reporting keratin 10 expres-
sion increasing from 2 days culture time to 10 days culture
time in rat epithelial keratinocytes (Passi et al., 2004), and
high levels of keratin 10 after 7 days of culture for human
keratinocytes (Andreadis et al., 2001). Of significant interest
in this work is the continued impact of pattern-regulated
cell–cell contact on involucrin expression at the two culture
time points. As cells are unrestricted in placement and
spreading on traditional in vitro culture systems, cell
population density and cell–cell contact may vary with
culture time. The micropatterned model system presented
here isolates the effects of cell–cell contact from factors
related to cell placement and spreading, therefore demon-
strating the consistency of the cell–cell contact effect at
several culture times.
For the various pattern sizes studied, keratinocyte differ-
entiation as measured by involucrin expression did not
depend on pattern size. This finding indicates that kerati-
noctye shape/morphology does not significantly regulate
these differentiation steps. In contrast, other cell types
expressed differentiation markers dependent on pattern size
(Thomas et al., 2002; McBeath et al., 2004). Data from this
study differ as pattern surface areas ranged from 75 to
625mm2, where other studies used pattern surface areas
which ranged from 1,024 to 10,000mm2 (McBeath et al.,
2004) and 400 to 10,000mm2 (Thomas et al., 2002). In
addition previous studies did not incorporate cell–cell contact
as a factor, therefore control of cell–cell contact in this study
may have dominantly influenced involucrin expression
thereby masking effects of cell-spreading area.
To examine the role of E-cadherin in the micropattern-
mediated regulation of involucrin expression, two ap-
proaches were used: functional blocking of E-cadherin by
an antibody and virally induced expression of a nonadhesive
dominant-negative receptor. Functional blocking of E-cad-
herin was accomplished through the use of the DECMA-1
antibody. The DECMA-1 antibody blocks adhesion of
E-cadherin (Vestweber and Kemler, 1985) and prevents
localization of E-cadherin to cell–cell interfaces while still
permitting expression of endogenous E-cadherin (Nakagawa
et al., 2001). Here, application of DECMA-1 resulted in a
diminished, although still present, influence of the pattern-
regulated cell–cell contact on involucrin expression. How-
ever, the DECMA-1 did not affect involucrin expression for
cells cultured under no-contact mode. Expression of a
dominant-negative, nonadhesive receptor also contributed
to the implication of E-cadherin in the pattern-regulated
cell–cell contact influence of involucrin expression. As
previously established (Xiao et al., 2003b), and from
verification through IF microscopy, the expression of the IL-
2R-VE-CADcyto dominant-negative cadherin mutant receptor
significantly decreased endogenous E-cadherin expression.
The resulting condition resulted in a diminished, but still
present, influence of the patterned cell–cell contact on
involucrin expression. The result is similar to the antibody
blocking experiment, even though overall E-cadherin is
reduced instead of just a functional blocking of E-cadherin,
therefore implicating E-cadherin binding as an element of the
pattern-regulated cell–cell contact influence of involucrin
expression. Although E-cadherin involvement in keratinocyte
involucrin expression has been previously demonstrated in
an animal model (Young et al., 2003) and in vitro (Hines
et al., 1999), here E-cadherin is implicated in a strictly
regulated cell–cell contact mode that preserves consistent
cell–ECM interaction. The decoupling of cell–cell contact and
cell–ECM contact effects by the model presented here are
significant in light of the possible interplay between
cadherins and integrins (Wang et al., 2006). As the influence
of patterned contact was not prevented by either the DECMA-
1 antibody or the IL-2R-VE-CADcyto mutant receptor expres-
sion, it is unlikely that the methods to block E-cadherin
binding resulted in complete elimination of E-cadherin
function. Alternatively, it is possible that adhesion mechan-
isms other than E-cadherin contribute to differentiation of
keratinocytes. For example, growing evidence suggests that
desmosomal components also influence keratinocyte differ-
entiation (Green and Simpson, 2007). Given the complexity
of desmosomal cadherin expression profiles, additional
studies will be required to address the role of this adhesion
complex using the patterned surfaces described here.
In conclusion, keratinocyte differentiation was signifi-
cantly influenced by micropattern-regulated cell–cell contact,
with cadherin regulating the cell–cell contact mechanism for
involucrin expression. The model system consisted of bowtie
patterns that either permitted or prevented cell–cell contact in
addition to providing controlled available cell-spreading
areas. The system showed potential to regulate the cell–cell
interface to control the amount of cell–cell contact through
user design of bowtie pattern dimensions. Higher fractions of
cells expressed involucrin on patterns permitting contact as
compared to cells on patterns that prevented contact at two
different culture times. The pattern-regulated contact influ-
ence on involucrin expression was independent of cell-
spreading area and was diminished significantly by the
disruption of E-cadherin binding through antibody blocking
and expression of a nonadhesive, dominant-negative IL-2R
receptor. This culture substrate patterning approach provides a
facile and robust strategy to provide a level of control over the
effects of cell density, proximity, contact, and spreading area.
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MATERIALS AND METHODS
Microcontact printing of substrates
Cell substrates consisted of 0.5 mm thick polycarbonate samples,
embossed with a polished silicon wafer to ensure consistent roughness,
and coated in 10 nm of titanium and 20 nm of gold. mCP (Gallant et al.,
2002) was applied to pattern microscale bowtie-shaped chemical
domains onto the substrate surface using PDMS stamps shown
schematically in Figure 1. The PDMS stamps were made by pouring
Sylgard 184 and 186 in a 5:1 ratio into microfabricated molds, purging
air in a vacuum, and curing according to the manufacturer’s
specifications. Before microcontact printing, PDMS stamps were
cleaned by sonicating in 70% ethanol and drying under nitrogen.
Stamps were swabbed with hexadecanethiol, dried under nitrogen,
and pressed onto the gold-coated substrate under a 50 g mass.
Remaining bare gold areas were derivatized with a tri(ethylene glycol)-
terminated alkanethiol for 4 hours. Samples were sequentially rinsed
three times each in 95% ethanol, sterile deionized water, and
phosphate-buffered saline (PBS). The substrates were incubated in
20mg ml1 human plasma fibronectin in PBS for 30 minutes to
promote cell adhesion, incubated in PBS overnight, then rinsed three
times in PBS immediately before seeding. The resulting substrate had
microcontact printing areas of hexadecanethiol monolayers coated
with fibronectin, whereas the remaining areas were covered in
tri(ethylene glycol)-terminated monolayers, which prevent protein
adsorption and hence remained resistant to cell adhesion. To
characterize the printing process, bowtie patterns were microcontact
printing as above, then coated in 20mg ml1 fibronectin for 30 minutes
and rinsed in PBS. Fibronectin-coated samples were then fixed in 3.7%
formaldehyde, sequentially incubated in rabbit polyclonal anti-
fibronectin (Sigma-Aldrich, St Louis, MO) and AlexaFluor 488-
conjugated anti-rabbit immunoglobulin G (IgG) antibody (Invitrogen
Corporation, Carlsbad, CA).
Cell culture
Normal human keratinocytes isolated from neonatal foreskin (Emory
Skin Disease Research Center) were cultured in keratinocyte growth
medium (KGM, Cambrex Corp., East Rutherford, NJ). Keratinocytes
at passage 4 or less were seeded in KGM medium with 0.05 mM
calcium (low calcium) onto the patterned substrates at a density of
140 cells per mm2. After 5 hours of culture, medium was switched to
KGM medium containing 0.5 mM calcium (high calcium) to induce
differentiation. Samples were cultured for 48 or 120 hours in high
calcium KGM medium before fixing and staining.
Antibody blocking experiment
For functional antibody blocking experiments, keratinocytes were
plated onto patterned substrates in low calcium media as described
above. After allowing cell adhesion for 5 hours, the low calcium
media was exchanged with either high calcium media, high calcium
media containing 50mg ml1 DECMA-1 monoclonal antibody (Sigma-
Aldrich), or high calcium media containing an equivalent dilution of
NS-1 control mouse ascites fluid (Sigma-Aldrich). Cells were cultured
for 48 hours after exchange of media, then fixed, and stained.
Dominant-negative mutant receptor experiment
To evaluate the effect of E-cadherin receptor function on pattern-
regulated cell–cell contact, keratinocytes were infected with an
adenoviral vector, which induces expression of a dominant-negative
E-cadherin. The adenoviruses for both the IL-2R (control) and IL-2R-
VECADcyto were produced and characterized previously using
standard techniques (Xiao et al., 2003a, b). Keratinocytes were
cultured in low calcium KGM medium for 1–2 passages, then
infected by culturing them in a 10 ml ml1 concentration of IL-2R or
IL-2R-VECADcyto adenovirus in low calcium media for 10 hours.
Media was then switched to regular low calcium KGM medium and
the cells were cultured for 48 hours before seeding them onto
substrates in low calcium media. Infection rates (480%) in
keratinocytes were monitored by expression of green fluorescent
protein, which is expressed in tandem with the construct of interest.
After 5 hours of adhesion, media was switched to high calcium KGM
and cells were cultured 48 hours before fixing and staining.
Cell fixation and staining
After the appropriate culture time, cells were fixed either for IF or
SEM. For IF, samples were rinsed twice in cold PBS, incubated in cold
methanol for 20 minutes, and allowed to air-dry. To stain cell–cell
junctions, samples were sequentially incubated in a 1:100 dilution of
mouse IgG2a anti-E-cadherin antibody (BD Biosciences, San Jose,
CA) for 1 hour and either AlexaFluor 488-conjugated anti-mouse IgG
antibody (Invitrogen Corporation) or AlexaFluor 594-conjugated anti-
rabbit IgG antibody (Invitrogen Corporation) for 1 hour. To stain for
the markers of differentiation, involucrin and keratin 10, samples
were incubated in a 1:100 dilution of rabbit anti-involucrin H-120
(Santa Cruz Biotechnology, Santa Cruz, CA) or a 1:100 dilution of
mouse anti-keratin 10 Ab-2 (Lab Vision Corporation, Fremont, CA)
for 1 hour, and subsequently incubated in AlexaFluor 488-conjugated
anti-mouse IgG antibody and AlexaFluor 594-conjugated anti-rabbit
IgG antibody for 1 hour. Secondary antibodies were used as received
mixed at a 1:200 dilution. All IF samples were counterstained with a
1:10,000 dilution of Hoechst DNA stain for 1 hour, rinsed, and then
mounted to slides. A Nikon E600 epifluorescence microscope
equipped with a Spot RT low light camera and ImagePro was used
to collect and analyze all IF cell images.
For SEM, samples were rinsed in cold PBS, fixed in 2.5%
gluteraldehyde in PBS for 30 minutes, then dried in graded ethanol
solutions of 70, 90, and 100% twice each for 15 minutes. Samples
were then immersed in HMDS twice for 30 minutes, and allowed to
dry overnight before sputter coating with gold. Samples were
examined in an LEO 1530 SEM.
Image analysis and statistics
To quantify the differentiated cell population, substrates were
examined through IF microscopy. Patterns were scored only if
proper patterning occurred, with one cell localized to each half of
the bowtie pattern as determined by location of nucleus and
periphery of the cell membrane. Patterned cells expressing a
particular marker protein and total patterned cells were scored
for each sample within one experimental group. Each experimental
group was analyzed for five independently replicated samples.
Replicates were pooled and the proportion of differentiated cells was
compared among experimental and control groups using established
statistical tests for analyses of proportions with binary outcomes
(q-distribution, 0.05 significance level; Zar, 1999).
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